Background: Alveolar macrophages are the primary target of Mycobacterium tuberculosis infection. Results: Mycobacterial PtpA dephosphorylates host GSK3␣ Tyr 279 resulting in modulation of its activity. Conclusion: Dephosphorylation of GSK3␣ decreases apoptosis of the host early in infection promoting survival of the macrophage and the pathogen within it. Significance: Understanding the mechanisms by which Mycobacterium tuberculosis enables successful infection is essential for understanding the pathogenesis of tuberculosis. Mycobacterium tuberculosis tyrosine phosphatase PtpA inhibits two key cellular events in macrophages required for the elimination of invading organisms, phagosome acidification, and maturation. Kinome analysis revealed multiple PtpA-dependent changes to the phosphorylation status of macrophage proteins upon M. tuberculosis infection. Among those proteins we show that PtpA dephosphorylates GSK3␣ on amino acid Tyr 279 , which leads to modulation of GSK3␣ anti-apoptotic activity, promoting pathogen survival early during infection.
Mycobacterium tuberculosis, one of the most notorious infectious agents of humans, is estimated to have caused 1.3 million deaths in 2012 (WHO Report, 2013). The combination of co-infection with HIV and the emergence of multidrug-resistant strains gives tuberculosis the highest mortality rate of any infectious disease (1) .
M. tuberculosis infects the human lung, where circulating alveolar macrophages paradoxically serve as both the first line of defense against microbial infections as well as the bacilli's natural habitat (2) . Once engulfed by the macrophage, M. tuberculosis replicates and persists in a secluded organelle named the mycobacterial phagosome. M. tuberculosis inhibits phagosome maturation, a natural macrophage process whereby phagosomes harboring foreign particles fuse with lysosomes (3), and thus prevents proteolytic degradation and the downstream immunological processes required to initiate an adaptive immune response (2) . This phenomenon highlights how M. tuberculosis interferes with the macrophage trafficking machinery, a process essential for M. tuberculosis infectivity (3) (4) (5) (6) (7) .
We have previously shown that the low molecular weight tyrosine phosphatase, PtpA, is needed to block phagosome maturation and is essential for M. tuberculosis pathogenicity within human macrophages (8) . PtpA's substrate in the host is the human vesicle trafficking protein vacuolar protein sorting 33B (hVPS33B) (8, 9) , which plays a key role in the regulation of membrane fusion in the endocytic pathway (10) . Dephosphorylation of hVPS33B by PtpA translates directly into phagosome maturation arrest (8) . In parallel, PtpA disrupts the macrophage's V-ATPase pump assembly (11) , a protein complex that controls phagosome acidification by transporting protons across membranes (12) . During phagosome maturation, the recruitment of the pump to the phagosome generally results in a significant reduction in phagosomal pH (13) . However, the binding of PtpA to subunit H of the macrophage V-ATPase pump results in reduction of phagosome acidification (11) .
Phosphatases play key roles in signal transduction in different pathways (14) . To decipher the multifaceted activity of PtpA on macrophage signaling pathways, we conducted a large scale analysis of signaling networks, termed kinome analysis (15) , and we discovered that PtpA affects the phosphorylation pattern of a series of host signaling proteins. Most significantly, we identified human glycogen synthase kinase 3 (GSK3) as another potential substrate for mycobacterial PtpA.
GSK3 is a multifunctional serine/threonine kinase that acts as a regulatory switch for numerous signaling pathways, including the insulin response, glycogen regulation, cell survival, and apoptosis (16) . There are two mammalian isoforms of GSK3 encoded by distinct genes, GSK3␣ (51 kDa) and GSK3␤ (47 kDa). These two isoforms share a high degree of structural similarity, specifically in their kinase domain (98% identity), but are not functionally identical (17) . GSK3␣ and GSK3␤ are constitutively active in resting cells and are primarily regulated through the inhibition of their activity via phosphorylation of Ser 21 and Ser 9 , respectively (18) . Conversely, the activity of the isoforms is positively regulated by the phosphorylation of a tyrosine residue located in the activation loop, Tyr 279 (GSK3␣) and Tyr 216 (GSK3␤), and this phosphorylation is essential for full activity of the enzyme (19) . Apoptotic stimuli increase the activity of the isoforms by tyrosine phosphorylation (Tyr 279/216 ) in certain cell lines (20) , providing evidence for a role for tyrosine phosphorylation in apoptosis.
In this study, we show that PtpA is capable of interfering with multiple signaling pathways within human macrophages, resulting in observable changes in the phosphorylation pattern of host signaling proteins. Most notably, we reveal that PtpA dephosphorylates GSK3␣ on Tyr 279 . We suggest that modulation of GSK3␣'s activity interferes with apoptosis of the macrophage, the programmed self-destruction process considered to be a defense mechanism utilized by the human host against M. tuberculosis.
EXPERIMENTAL PROCEDURES
Tissue Culture Maintenance and Differentiation-The human monocytic leukemia cell line THP-1 (TIB-202; ATCC) was cultured in RPMI 1640 medium (Sigma) supplemented with 10% FBS (PAA Laboratories Inc.), 1% L-glutamine, 1% penicillin, and 1% streptomycin (StemCell). Cells were seeded in 10-cm (diameter) tissue culture dishes at a density of 7.0 ϫ 10 6 cells/dish and differentiated into a macrophage-like cell line with 20 ng/ml phorbol myristate acetate (Sigma) in RPMI 1640 medium supplemented with 10% FBS and 1% L-glutamine (incomplete RPMI) at 37°C in a humidified atmosphere of 5% CO 2 for 18 h.
Macrophage Infection-Bacterial cells were washed with Middlebrook 7H9 broth supplemented with 0.05% (v/v) Tween 80 (Sigma). Infection of THP-1 macrophage-like cells was performed using human serum-opsonized M. tuberculosis at a multiplicity of infection of 10:1 in RPMI 1640 medium. After a 3-h incubation at 37°C and 5% CO 2 , cells were washed with RPMI 1640 medium to remove noninternalized bacteria and re-incubated at 37°C and 5% CO 2 in incomplete RPMI 1640 medium containing 100 g/ml gentamicin (Invitrogen) for 4, 18, or 48 h.
Macrophage Cellular Extraction-At defined time points after infection, infected THP-1 macrophage-like cells were washed twice with cold PBS, and cellular extracts were harvested in lysis buffer (20 mM Tris-HCl, 5 mM EDTA, 1% Triton X-100, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 1 mM phosphatase inhibitor mixture (Sigma), pH 7.2) by drawing the solution in and out of a blunt syringe 15-20 times. The cellular extracts were centrifuged for 10 min at 13,000 rpm and passed through a 0.22-m filter column (Millipore Corp.).
Macrophage RNA Extraction and cDNA Synthesis-Total RNA was extracted from M. tuberculosis-infected THP-1-derived macrophages (7.0 ϫ 10 6 cells) at defined time points (4, 18, and 48 h) using the RNAspin mini kit according to the manufacturer's instructions (GE Healthcare). RNA was reversetranscribed to cDNA using the EasyScript cDNA synthesis kit following the manufacturer's protocol (ABM). For each cDNA synthesis, 1 g of total RNA, measured by an Epoch Microplate Spectrophotometer (BioTek), and 0.5 M oligo(dT) oligonucleotides primers were used.
Quantitative-PCR (qPCR) 2 -Primers specific for GSK3␣ and caspase-3 mRNA were designed using Primer-BLAST (National Center for Biotechnology Information) ( Table 1) . Control PCR amplifications for the expressions of the gene-specific mRNAs were performed on cDNA templates from uninfected phorbol myristate acetate-differentiated THP-1 cells to confirm the specificity of the designed primers. Each qPCR contained 2ϫ EvaGreen qPCR master mix (ABM), 15 ng of cDNA, and 1 M of each primer and was analyzed in quantification mode on a DNA Engine Opticon instrument (Bio-Rad). The following cycling conditions were used: 95°C for 10 min, 40 cycles of 95°C for 15 s, 52°C for 15 s, and 60°C for 30 s with data collection during each cycle. Mock reactions (no reverse transcriptase) were also included with each experiment to confirm the absence of genomic DNA contamination. C t values were converted to copy numbers using standard curves. Results were analyzed using GraphPad Prism 5.0 software. All values of gene-specific mRNA were internally normalized to cDNA expression levels of the housekeeping gene GAPDH.
Cloning of DNA and Expression of Recombinant Proteins-The list of plasmids and oligonucleotides used for cloning in this study are described in Tables 2 and 3, respectively. GSK3␣ was obtained as a plasmid (pANT7-GSK3␣) from the DNASU Plasmid Repository and PCR-amplified and cloned into the pGEX-6P-3 vector (GE Healthcare). The plasmid pBO1-GSK3␣ encoding for a His-tagged fusion protein was purchased from GeneCopoeia Inc. The gene-encoding RAB7 was PCRamplified from cDNA prepared from THP-1 cells and was cloned into pET22b (Millipore Corp.). The M. tuberculosis ptpA gene was cloned into pGEX-6P-3. All plasmid constructs were verified by sequencing (Eurofins MWG Operon). Chemically competent BL21 Escherichia coli cells were transformed with the expression plasmids and expressed according to established protocols. His-tagged recombinant proteins were purified from the soluble fraction by affinity chromatography on nickel-nitrilotriacetic acid polyhistidine tag purification resin (Qiagen) and GST-tagged proteins by affinity chromatography on glutathione-agarose resin (Sigma).
Kinome Analysis by Kinetworks Phospho-site Screen Assay-Kinome analysis was performed as described previously (21) . Briefly, THP-1 macrophage-like cells were infected with wild-type M. tuberculosis H37Rv and with the H37Rv strain in which the ptpA gene was deleted (⌬ptpA M. tuberculosis) (8) , and cellular extracts were harvested 18 h post-infection. The macrophage lysates were prepared for kinome analysis according to the manufacturer's instructions (Kinexus Bioinformatics Corp.). Samples were sent to Kinexus Bioinformatics where the assay was performed. Data were analyzed according to statistical confidence provided by experience in analyzing over 10,000 screens. According to Kinexus Bioinformatics, the significance levels of change are over 25% variability in intensity.
Western Blot Analysis-In vivo Western blot analyses were performed using cellular extracts of infected THP-1 macro- 2 The abbreviation used is: qPCR, quantitative PCR. 
phage-like cells harvested 18 and 48 h post-infection as described above. Briefly, 50 g of THP-1 cellular extracts were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad). The blots were probed with affinitypurified rabbit polyclonal anti-phospho-GSK3␣ (Tyr(P) 279 ) (Invitrogen), anti-GSK3␣, or with affinity-purified rabbit polyclonal anti-caspase-3 (Cell Signaling) (final IgG dilution for both antibodies, 1:1000) and incubated overnight at 4°C. For detection of phosphorylated GSK3␣ (Tyr 279 ), horseradish peroxidase-conjugated goat anti-rabbit (Sigma) (final IgG dilution, 1:3500) antibody was used as the secondary detection reagent, and the blot was developed by enhanced chemiluminescence (ECL) (Thermo Fisher Scientific). For detection of GSK3␣ and caspase-3, Alexa Fluor 680 goat anti-rabbit (Invitrogen) antibody was used as the secondary detection reagent (final IgG dilution, 1:10,000), and detection was done using an Odyssey Infrared CLx Imager (LI-COR Biosciences). For in vitro Western blot analysis, different reactions containing 1-4 M recombinant GSK3␣ were incubated with 0.15 mM ATP for 1 h at 37°C. A fixed concentration of recombinant PtpA (0.04 M) was added to the different GSK3␣ reactions, and incubation was continued for 45 min at 37°C. The resulting samples were resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. The blot was probed with rabbit antiphospho-GSK3␣ (Tyr(P) 279 ) IgG, and horseradish peroxidaseconjugated goat anti-rabbit antibody was used as the secondary detection reagent as described previously. The blot was developed by ECL. To ensure identical protein loading of the different samples, Ponceau staining of the blot was performed.
In Vitro Kinase Assay-Three separate subsets of reactions containing 2-4 M recombinant GSK3␣ were autophosphorylated in a kinase buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 2 mM MnCl 2 , 1 mM DTT, pH 7.5) containing 10 Ci of [␥-32 P]ATP (PerkinElmer Life Sciences) for 30 min at 37°C. After this incubation period, 0.04 M PtpA was added to the second subset of reactions, and 0.04 M PtpA and 1.5 mM or 5 M of the phosphatase inhibitors, Na 3 VO 4 or BVT 948, respectively, to the third subset. Incubation of all three subsets was continued for 15 min at 37°C. At the end of the incubation period, reactions were stopped with the addition of SDS sample loading buffer and heated at 95°C for 8 min. The samples were resolved by 12% SDS-PAGE. The gel was silver-stained, dried, and exposed to a screen overnight. The 32 P radioactively labeled protein bands were detected by a PhosphorImager SI apparatus (GE Healthcare). Bands corresponding to phosphorylated GSK3␣ were cut, submerged in scintillation fluid (Beckman Coulter Inc.), and analyzed by scintillation counting using a Beckman Coulter LS 6500 (Beckman Coulter Inc.).
Radiometric Kinase Assay-The kinase assay was performed as described above until the end of the second incubation period. Reactions were spotted onto phosphocellulose paper (GE Healthcare), dried, and washed thoroughly with 1% phosphoric acid six times for 10 min. Radioactivity levels were measured by submerging the phosphocellulose papers in scintillation fluid and analyzed by scintillation counting.
Determination of PtpA and GSK3␣ Dissociation Constant-The interaction between PtpA and GSK3␣ was measured using a Fusion-␣-HT Multimode Microplate Reader (PerkinElmer Life Sciences) and the ALPHAScreen Histidine (Nickel Chelate) Detection Kit (PerkinElmer Life Sciences). Purified GSTtagged recombinant PtpA was biotinylated using the EZ-Link biotinylation kit (Thermo Fisher Scientific) and diluted in the assay buffer (25 mM HEPES, 100 mM NaCl, and 0.1% Tween 20, pH 7.4) in 384-well microplates (PerkinElmer Life Sciences). Purified His-tagged recombinant GSK3␣ was added to wells containing PtpA. Nickel chelating acceptor beads were further added to the proteins, and the microplate was incubated for 30 min at room temperature. Streptavidin donor beads were then added to the reactions, and incubation was continued for 1 h at room temperature. Kinetics of the reactions was monitored in the ALPHAScreen apparatus by luminescence signals generated from protein-protein interactions (counts/s (cps)). Results obtained were analyzed with GraphPad 5.0 software for dissociation constant determination.
RESULTS
Global Effect of PtpA on Macrophage Proteins-PtpA is secreted into the macrophage cytosol (8) . The in vitro dephosphorylation assay, under which recombinant PtpA was incubated with extracts from the host macrophage, resulted in dephosphorylation of multiple host proteins in addition to hVPS33B, a host substrate we have identified previously ( Fig. 1 and Table 4 ) (8) . This demonstrates that as an active phosphatase PtpA is capable of interacting with multiple host signaling proteins.
We have used a specific proteomics approach termed kinome analysis to identify macrophage signaling proteins that might be affected by M. tuberculosis PtpA. This method uses an array of phospho-specific antibodies against defined human signaling proteins and networks (15) . To test the effect of PtpA on signal transduction pathways, we monitored and compared the phosphorylation status of a predefined set of signaling proteins from uninfected macrophages, macrophages infected with M. tuberculosis, and macrophages infected with ⌬ptpA M. tuberculosis. 
We chose to investigate events occurring 18 h post-infection, since at this time point bacteria are well established in the environment of the host, allowing for the monitoring of macrophage responses to bacteria residing within phagosomes. As illustrated in Fig. 2 , cellular extracts of uninfected and M. tuberculosis-infected macrophages were subjected to simultaneous screens (Fig. 2 , A-C). Changes in phosphorylation were measured based on the intensity of 38 predefined phosphoproteins (Table 5) shown as bands in each gel. The phosphorylation levels of the three different treatments were compared in terms of the relative fold change in phosphorylation. The fold change was calculated by comparing the accumulated signal of proteins obtained over a given scan time (normalized counts/min) from uninfected macrophages and macrophages treated with M. tuberculosis with the accumulated signal of proteins from macrophages treated with ⌬ptpA M. tuberculosis (control; accumulated signal set as 1) ( Table 5 ). Because of the high sensitivity of the assay in determining the phosphorylation state of phosphoproteins, a change in phosphorylation greater than 25% between treated cells is considered significant according to Kinexus Bioinformatics Corp., which provides the screening kit. A change in phosphorylation of less than this percentage may be due to experimental variation.
As seen in Fig. 2 , and detailed in Table 5 , out of 38 tested signaling proteins, an accumulated signal was detected for 17 macrophage phosphoproteins. Among these, several displayed significant changes in phosphorylation between macrophages infected with M. tuberculosis and the control ⌬ptpA mutant. These include the following: protein kinase C␣ (PKC␣; fold change of 1.25 compared with the control); double-stranded RNA-dependent protein kinase (PKR1; 1.54); protein kinase C ␣/␤2 (PKC␣/␤2; 0.62); Raf1 proto-oncogene-encoded protein kinase (RAF1; 0.47); protein kinase C␦ (PKC␦; 0.51); mitogen-and stress-activated protein kinase 1 (MSK1; 0.67); Src proto-oncogene-encoded protein kinase (SRC; 1.57); glycogen synthase kinase 3␣ (GSK3␣; 0.33); and glycogen synthase kinase 3␤ (GSK3␤; 0.61). Among these, SRC kinase was the only protein previously shown to be associated with M. tuberculosis infection (22) .
Interestingly, the serine/threonine protein kinase GSK3␣ was identified as the protein dephosphorylated the most by M. tuberculosis. GSK3␣ Tyr 279 showed a 67% decrease in phosphor- (Table 4 ).
TABLE 4 Identification of proteins dephosphorylated by the addition of recombinant PtpA to a phosphorylated THP-1 cellular extract
A cellular extract of differentiated THP-1 cells was incubated with recombinant PtpA. The phosphorylation status of several THP-1 cell proteins was modulated by PtpA. These proteins were identified by mass spectrometry. The numbers shown in this table correspond to spots shown in Fig. 1 . Molecule Weight Search (MOWSE) score allows the calculation of the probability of matching N peaks by random chance (34) . Accession numbers are shown in parentheses.
Spot no.
Protein ylation when macrophages infected with M. tuberculosis were compared with macrophages infected with the ⌬ptpA mutant strain. Because of its status as a key player in the regulation of cell fate in both pro-and anti-apoptotic processes (23, 24) , GSK3␣ was selected for further analysis.
PtpA Does Not Influence GSK3␣ Transcription Levels-To rule out the possibility that the GSK3␣ dephosphorylation observed in the kinome analysis ( Fig. 2) was caused by reduced levels of expression due to the effect of PtpA on GSK3␣ transcription levels, we examined levels of GSK3␣ transcripts by qPCR. RNA from uninfected THP-1 cells and from THP-1 cells infected with M. tuberculosis and ⌬ptpA M. tuberculosis was harvested 18 h post-infection corresponding to the time point at which lysates were harvested for the kinome analysis. As seen in Fig. 3 , qPCR profiling revealed a general modest increase in GSK3␣ transcript levels in cells infected with both M. tuberculosis and the ⌬ptpA mutant (Fig. 3, A and B) without significant difference between the two. Therefore, we concluded that PtpA does not have an impact on GSK3␣ expression levels and that the dephosphorylation observed in the kinome analysis is not due to the effect of PtpA on GSK3␣ transcription level but rather on bona fide dephosphorylation of GSK3␣ by PtpA.
PtpA Dephosphorylates GSK3␣ under in Vivo and in Vitro Growth Conditions-To examine the dephosphorylation of GSK3␣ by PtpA, we conducted a Western blot assay in which we tested cellular extracts of macrophages infected with M. tuberculosis and the ⌬ptpA mutant (Fig. 4A ). The phosphorylation level was monitored using the same anti-phospho-GSK3␣ (Tyr(P) 279 ) antibody used in the kinome analysis (Fig.  2) . As seen in Fig. 4A , GSK3␣ phosphorylation levels were found to be higher in extracts obtained from macrophages infected with the ⌬ptpA mutant compared with macrophages extracts obtained from infection by the parental M. tuberculosis strain, confirming our kinome analysis screening. We used an anti-GSK3␣ antibody to confirm that total protein levels of GSK3␣ did not change between samples.
To determine whether GSK3␣ is a direct substrate of PtpA, we used two separate approaches as follows: biochemical assays to monitor catalysis, and a protein-protein interaction analysis to determine interaction between the two proteins. Western blot analysis of recombinant GSK3␣ to which PtpA was added was performed, and the result demonstrated that Tyr 279 is dephosphorylated by PtpA in vitro (Fig. 4B) . To assess the veracity of the dephosphorylating effect of PtpA on GSK3␣, two Western blot analyses were performed in which the tyrosine phosphatase inhibitors sodium orthovanadate (Na 3 VO 4 ) and BVT 948 were added to a GSK3␣ reaction containing PtpA. Although these are nonspecific protein-tyrosine phosphatase inhibitors, their inhibitory effect on PtpA is noticeable bringing the GSK3␣ Tyr 279 phosphorylation level closer to its basal level (Fig. 4, C and D) .
A more sensitive radioactive assay monitoring GSK3␣ kinase activity revealed that its autophosphorylation levels were significantly reduced in the presence of recombinant PtpA (Fig. 5A ). This phenomenon was ameliorated upon addition of the tyrosine phosphatase inhibitor Na 3 VO 4 and completely reversed by the addition of BVT 948 (Fig. 5, B and C) . The extent of [␥-32 P]ATP incorporation into GSK3␣ confirms that GSK3␣ is a self-phosphorylating autokinase dephosphorylated by PtpA.
To assess whether PtpA binds to GSK3␣, ALPHAScreen (amplified luminescent proximity homogeneous assay), which is used to monitor protein-protein interactions, was performed. GSK3␣ was immobilized to beads by His tag, whereas GST-PtpA was immobilized by biotinylation according to the manufacturer's protocol (PerkinElmer Life Sciences). The results show direct and dose-dependent interaction between PtpA and GSK3␣ (Fig. 6) . A hyperbolic curve fitting the 1:1 Langmuir binding model and a dissociation constant (K d ) of 4.023 ϫ 10 Ϫ9 M indicate a high level of affinity between the two proteins. PtpA binding to its known host substrate, hVPS33B, has similar strength with an assessed K d value of 2.1 ϫ 10 Ϫ9 M (8) .
PtpA Interferes with Host Macrophage Apoptosis Early during Infection-GSK3␣ plays a key role in the control of cell fate (23, 24) . Previous studies have shown that phosphorylation of GSK3␣ Tyr 279 is essential for the full activity of the enzyme (19) and that apoptotic stimuli increase its tyrosine phosphorylation activity (20) . To check whether dephosphorylation of GSK3␣ Tyr 279 by PtpA affects apoptosis, measurements of transcriptional and translational expression levels of the apoptotic executioner, caspase-3, were taken (25) .
To investigate caspase-3 transcription levels, comparative qPCR levels of caspase-3 were performed on cellular extracts from either uninfected macrophages or infected with M. tuberculosis, the ⌬ptpA mutant, or with the complemented ⌬ptpA mutant (⌬ptpA::ptpA). As seen in Fig. 7, A and B, we observed a significant difference in the expression levels of caspase-3 between cells infected with M. tuberculosis and ones infected with the ⌬ptpA mutant. Eighteen hours post-infection, caspase-3 transcription levels were 2-fold higher in the ⌬ptpA mutant-infected macrophages compared with wild-type M. tuberculosis-infected macrophages (Fig. 7A) , indicating that suppression of caspase-3 expression by M. tuberculosis is PtpA-dependent early during infection. Caspase-3 expression levels were even lower in macrophages infected with M. tuberculosis than in uninfected macrophages (Fig. 7A) . Interestingly, the inhibition of caspase-3 expression is overturned between 18 and 48 h postinfection where the caspase-3 transcript in M. tuberculosis-infected macrophages increases, surpassing its levels in the ⌬ptpA mutant-infected macrophages (Fig. 7B ). This turn of events indicates that PtpA interference with the apoptotic pathway is transient, and macrophages are capable of initiating apoptosis regardless of the presence of PtpA (Fig. 7B) .
M. tuberculosis Blocks Proteolytic Cleavage of Inactive Caspase-3 into Active Caspase-3-To test whether
PtpA's dephosphorylation of GSK3␣ results in modulation of caspase-3 activity, we monitored caspase-3 proteolytic degradation using anti-caspase-3 antibody. As seen in Fig. 8, M. tuberculosis infection inhibits the OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 29381 cleavage of inactive caspase-3 (31.6 kDa) into its active forms (17/19 kDa). Cellular extracts from uninfected cells and from cells infected with the ⌬ptpA mutant show both active and inactive caspase-3, whereas those from M. tuberculosis-infected macrophages show only inactive caspase-3. Macrophages infected with the ⌬ptpA::ptpA strain show only limited activation of caspase-3, suggesting that the observed effect of the complemented strain is not optimal and in agreement with other complementation phenotypes we have observed (8, 11) .
Mycobacterium tuberculosis Dephosphorylation of Human GSK3␣

DISCUSSION
M. tuberculosis pathogenicity relies upon its ability to sense changes in the environment and respond to host defense assaults. It does so by actively interfering with macrophage physiological pathways (26) . One specific strategy utilizes the secreted phosphatase, PtpA, to block both phagosome maturation and acidification (8, 11) , which are the two key processes required for digestion of invading microorganisms and initiation of an adaptive immune response (3) .
In a previous study, we showed that the global kinome of macrophages changes significantly upon mycobacterial infection (21) . Following the rationale that some of these changes are dependent on the signaling protein PtpA of M. tuberculosis, this study was designed to comparatively monitor PtpA's contribution to the kinome status of key human signal transduction proteins during M. tuberculosis infection. We have now shown that PtpA modulates global phosphorylation patterns of macrophage proteins and that these modulations can impact the host cell fate.
In our previous kinome analysis, we compared the effect of infecting macrophages with live or dead Mycobacterium bovis BCG on phosphoprotein levels (21) . Notably, GSK3␤ was among the most phosphorylated proteins upon M. bovis BCG infection (21) . Interestingly, the phosphorylation patterns of M. bovis BCG and M. tuberculosis kinome analyses show some contradicting results exemplified by GSK3␣ and GSK3␤. GSK3␣ and GSK3␤ were hyperphosphorylated on Tyr 279/216 in cells infected with live M. bovis BCG with a fold change of 1.29 and 1.57, respectively, compared with the uninfected control cells (21) . Kinome analysis of M. tuberculosis infection compared with the uninfected cells shows that GSK3␣ and GSK3␤ were dephosphorylated and had a fold change of 0.51 and 0.66, respectively. This discrepancy can be attributed to the genotypic differences of the two strains as M. bovis BCG is an avirulent vaccine strain (27) . It is also well documented that macrophages respond differently to M. bovis BCG than they do to M. tuberculosis (28) . The function of PtpA in M. bovis BCG is still under investiga- tion. Potential reduction or the absence of secreted PtpA in this vaccine strain could explain the hyperphosphorylation occurring in macrophages harboring this nonvirulent strain.
It is worth noting that, in comparison with uninfected cells, the relative fold change of the GSK3 isoforms in macrophages infected with ⌬ptpA M. tuberculosis resembles that of the isoforms in macrophages infected with live M. bovis BCG. In fact, an increase in phosphorylation for GSK3␣ (fold change of 1.54) and for GSK3␤ (1.07) is observed in macrophages infected with ⌬ptpA M. tuberculosis when compared with the phosphorylation status of these isoforms in uninfected macrophages ( Table  5 ). These data are similar to the results obtained from our previous kinome analysis when comparing the phosphorylation status of the isoforms in M. bovis BCG-infected cells versus uninfected cells (21) . It appears that the attenuation caused by the ⌬ptpA mutation (8) makes it behave more like the avirulent M. bovis BCG strain.
GSK3␣ and GSK3␤ play an essential role in the regulation of the apoptotic pathway that functions as a host defense mechanism in mycobacterial infection (29) . Studies have shown that phosphorylation of GSK3 Tyr 279/216 is critical for the full activation of the kinases (19) and the induction of apoptosis (20) . We showed that infection of macrophages with an attenuated mycobacterial strain primes macrophages for apoptosis via increased phosphorylation of Tyr 279/216 and activation of the isoforms (21) . Results from both kinome analyses suggest that the apoptotic pathway is turned on in macrophages infected with the attenuated strains, i.e. in M. bovis BCG and ⌬ptpA M. tuberculosis, via phosphorylation of GSK3␣ and GSK3␤ Tyr 279/216 . Alter- Ci of [␥-32 P]ATP with or without PtpA (0.04 M) and was resolved onto a 12% SDS gel and exposed to a PhosphorImager screen for radiolabeled band localization. After drying the gel, bands corresponding to phosphorylated GSK3␣ were cut from the gel, and the radioactive incorporation was measured by a scintillation counter. This graph represents the radioactivity of the dried gel. Results are expressed as Ϯ S.D. of three independent experiments. The p value of 2 M GSK3␣ with PtpA is 0.0214. B and C, inhibiting effect of PtpA on GSK3␣'s activity was tested by radiometric analysis. GSK3␣ (2-4 M) was autophosphorylated in a reaction containing kinase buffer and 10 Ci of [␥-32 P]ATP. PtpA (0.04 M) and Na 3 VO 4 (1.5 mM) or PtpA (0.04 M) and BVT 948 (5 M) were added to the sample mixtures and were spotted onto phosphocellulose paper. Radioactivity levels were measured by a scintillation apparatus. *, p Ͻ 0.05; **, p Ͻ 0.001; ***, p Ͻ 0.0001. Significant difference is compared by Student's t test. natively, our study demonstrates that the virulent strain M. tuberculosis H37Rv inactivates GSK3␣ and GSK3␤ by dephosphorylation of Tyr 279/216 that promotes survival of the host cell ( Table 5) .
Several in vitro studies have shown that the apoptosis rate is increased in macrophages infected with mycobacteria (30, 31) . However, virulent strains of mycobacteria seem to induce less apoptosis compared with avirulent or attenuated strains (32, 33) , reinforcing the idea that M. tuberculosis has developed strategies to block apoptosis to promote host cell survival. The ability of M. tuberculosis to block apoptosis is of great importance for the pathogen as death of the host cell removes its supportive growth environment (33) . In agreement with this, our experiments have shown that GSK3␣ dephosphorylation on Tyr 279 can be interpreted as an anti-apoptotic signal targeted by this pathogen.
Transcriptional levels of caspase-3, a protease that plays a critical role in the execution phase of apoptosis of the host, were suppressed in M. tuberculosis-infected cells (Fig. 7A) , indicating that M. tuberculosis blocks early expression of caspase-3 to prevent apoptosis. Moreover, a significant difference in transcript levels exists between cells infected with M. tuberculosis and those infected with ⌬ptpA M. tuberculosis (Fig. 7A ) confirming that this suppression is PtpA-dependent. This phenomenon might not necessarily be a direct effect of PtpA but rather a result of ⌬ptpA mutant attenuation.
Dephosphorylation of the host GSK3␣ by PtpA leads to prevention of host cell apoptosis during early stages of infection. The anti-apoptotic role of PtpA fades at later stages of infection but does not necessarily signify resumption of host macrophage apoptosis. To the contrary, we found that activation of caspase-3 by proteolytic cleavage in M. tuberculosis-infected macrophages is blocked 48 h post-infection despite nonengagement of PtpA. As shown in Fig. 8 , inactive caspase-3 is expressed in all four treatments but is only cleaved to active caspase-3 in two treatments as follows: in uninfected cells and in cells infected with ⌬ptpA M. tuberculosis. However, macrophages infected with M. tuberculosis and the complemented mutant strain show no cleavage and limited cleavage of caspase-3, respectively.
To summarize, our study presents for the first time evidence that M. tuberculosis modulates host macrophage apoptosis using PtpA dephosphorylation of GSK3␣ early in infection. This provides novel insight into the pathogenicity of M. tuberculosis within macrophages and a better mechanistic understanding of how it is able to circumvent the macrophage killing machinery.
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